This work presents a general method for determining singlemolecule intramolecular dynamics in biomolecules by using a reporter fluorophore, whose fluorescence is quenched or partially quenched as a result of intramolecular motion, and a remote observer fluorophore. These fluorophores were excited independently with two different lasers, and the ratio of the two fluorophores' fluorescence was calculated. The time-varying ratio was then filtered to reduce contributions from molecules outside the overlapped laser volume and then correlated. The rates of opening and closing of a DNA hairpin were measured by using both fluorescence correlation spectroscopy and this method for comparison. We found at 50 pM, where molecules were studied one by one as they diffused through the probe volume, we obtained accurate opening and closing rates and could also measure dynamic heterogeneity. To demonstrate applicability to a more complex biological molecule we then probed intramolecular motions in the dimer of a human telomerase RNA fragment (hTR380-444), in the presence of an excess of monomer. The motion was found to occur on the time scale of 180 -750 s and slowed with increasing magnesium ion concentration. Blocking experiments using complementary oligonucleotides suggested that the motion involves substantial changes in dimer tertiary structure. This method appears to be a general method for selectively studying intramolecular motion in large biomolecules or complexes.
M
any biological molecules perform intramolecular dynamics to convert between different conformations and perform their biological functions. These motions can be revealed by fluorescence studies based on fluorescence resonance energy transfer (FRET) or quenching. These studies are of two general types: single-molecule experiments, where molecules are analyzed one at a time, and fluctuation spectroscopy, where a few molecules (typically Ͻ10) are analyzed. Single-molecule experiments have the advantage of directly determining heterogeneity without signal averaging, but they have reduced signal-to-noise ratio, limiting the possible time resolution. In contrast, fluctuation-based methods have improved single-to-noise ratio, allowing the measurement of faster processes, but they may average out some of the dynamical heterogeneity.
Single-molecule fluorescence spectroscopy (1) (2) (3) (4) (5) (6) (7) (8) at room temperature has been performed both on surface-attached molecules and in solution. Studies on immobilized molecules offer longer observation times but there are issues about the surface perturbing the dynamics of interest, particularly for small molecules (9) . For solution-phase studies confocal microscopy is used to define a small open probe volume, and one or two lasers are focused to a diffraction-limited spot to make the measurements as the molecules diffuse across the probe volume. This process eliminates the problem with the perturbation of dynamics by the surface. However, it creates new constraints such as reduced signal-to-noise ratio and limited observation time, and for these reasons there have been a very limited number of studies of the intramolecular dynamics of biomolecules in solution at the single-molecule level (7, 10, 11 ).
Fluctuation spectroscopy is based on analyzing the fluctuations of physical observables around equilibrium from a few molecules at a time. There are two possible sources of information: (i) fluctuations in time and (ii) fluctuations in amplitude. For fluorescence intensity measurements, these fluctuations gave rise to the techniques of fluorescence correlation spectroscopy (FCS) (12) (13) (14) (15) (16) and the photon counting histogram, respectively (17) (18) (19) . DNA hairpin dynamics has been studied in solution by both FRET and fluorophore quenching with FCSbased methods. Bonnet et al. (20) measured the autocorrelation function of a DNA hairpin labeled with fluorophore and quencher, divided by the autocorrelation function of a reference hairpin labeled only with the fluorophore. We will hereafter refer to this general approach as the reference method. By doing ratios, the contribution to the autocorrelation function from diffusion is eliminated, leaving the contribution exclusively caused by intramolecular motion. In an alternative approach, Wallace and coworkers (21, 22) used FRET between a donor and an acceptor fluorophore on the DNA hairpin, where autocorrelation of the FRET signal provided measurement of intramolecular motion. Both of these studies were performed at 10 nM DNA hairpin concentration, where there are Ϸ10 molecules in the probe volume on average, so some degree of population-based averaging of the dynamics was observed.
In this work we present a general method for measuring the dynamics of biomolecules based on determining ratios for the fluorescence between an observer fluorophore, at some convenient position on the molecule, and a reporter fluorophore whose fluorescence is quenched or partially quenched as a result of motion. The quenching can be caused by a change in the microenvironment or proximity to an extrinsic quencher. Ratiometric single-molecule fluorescence measurements were originally introduced by Weiss and coworkers (13, 23, 24) to remove the effect of excitation beam heterogeneity. Recently, alternating excitation of donor and acceptor fluorophores has been introduced (25) . Here, we extend ratiometric measurements to dynamics at the single-molecule level. We used a model DNA hairpin system so we could make measurements of the opening and closing rates by using the method of Bonnet et al. (20) and comparing those results to our method. We found excellent agreement, validating our method.
To demonstrate that the method is applicable to larger biological molecules we then probed local motion in a region of the RNA component of the enzyme human telomerase (hTR) (26) . We studied the fragment hTR 380 -444 containing the CR7 domain and the J7b͞8a loop, which we have previously shown to comprise an RNA-RNA interaction site that promotes hTR dimerization. We reasoned that dimerization of hTR 380 -444 would alter both the structural and dynamic properties of the fragment, making it an important system suitable for fundamental study. We found that the hTR 380 -444 dimer showed submillisecond intramolecular dynamics.
Experimental Procedures
The HPLC-purified oligonucleotides I, II, III, IV, V, VI, and VII used in these experiments are summarized in Table 1 (for details see Supporting Text, which is published as supporting information on the PNAS web site). The hTR 380 -444 was made and labeled at the 5Ј end with either Alexa 488 or Alexa 647 as described (26) .
The apparatus used to achieve dual-color single-molecule fluorescence coincidence detection has been described (27) . Briefly, an argon ion laser and helium neon laser were used for simultaneous excitation, with a Nikon PlanApo ϫ60 numerical aperture 1.4 oil-immersion objective. The overlap volume was carefully optimized so that it was 30% of the total excited volume. The fluorescence was collected by using the same objective, separated by using a dichroic, and detected with two avalanche photodiodes. All experiments were carried out on a temperature stage controlled within Ϯ0.1°C (Linkman Scientific, Surrey, U.K.). The excitation laser powers were adjusted to 10 W for the red laser and 30 W for the blue laser to give comparable counts on both channels. For ratio autocorrelation experiments a bin time of 20 s was used, and the total time for one experiment was 3 min. For measurement of the singlemolecule histogram the red laser power was 100 W, and the blue laser was 300 W with a time bin of 1 ms. The experiment took 90 min.
The DNA hairpin sample in Fig. 1A was prepared by mixing two equivalents of the 65-base DNA I with its complementary 35-base DNA II for the ratio experiments or III for the reference experiments. The mixture was heated to 90°C for 10 min and slowly cooled down to room temperature. Bulk fluorescence measurements showed no FRET. DNA samples IV and V were used to form a 40-bp duplex as a control experiment, shown in Fig. 2A . For the single DNA hairpin molecule experiments, the hairpin DNA was diluted to 50 pM in 100 mM KCl and 10 mM Tris⅐HCl, pH 7.4 plus 0.01% Tween 20 to prevent surface adhesion of the DNA molecules.
For the hTR experiments, hTR 380 -444 solution containing equimolar amounts (2 nM) of both Alexa 488-labeled and Alexa 647-labeled samples was prepared in TKM buffer (10 mM Tris⅐HCl, pH 7.4͞100 mM KCl͞10 mM MgCl 2 ). The stock solution was incubated at 37°C for 1 h and then diluted to 100 pM total hTR concentration in TKM buffer containing an additional 0.01% Tween 20. Using a similar method to that used previously for DNA blocking experiments (26) , the hTR 380 -444 stock sample was mixed with a 100-fold molar excess of complementary DNA (VI or VII) ( Table 1 ) and incubated at 37°C for 1 h before diluting to 100 pM total hTR concentration for experiments. A 395 UUUU 398 mutant monomer hTR 380 -444 labeled with Alexa 647 at its 5Ј end was also used in a control experiment since this mutant cannot dimerize (26) . It was mixed with DNA VI labeled with rhodamine green at its 5Ј end, at 10 nM in equimolar ratio, and further diluted to 50 pM for a control experiment.
Reference Method. We ran fluorescence correlation spectroscopy experiments for the hairpin sample (DNA I plus DNA II) and the control sample (DNA I plus DNA III) at 10 nM. The laser powers were kept the same as the ratiometric autocorrelation experiments with a 20-s bin time.
Filtered Ratiometric Autocorrelation (FRAC) Spectroscopy. The ratiometric method for determination of the relaxation time for the hairpin is based on simultaneously recording the fluorescence of the reporter and observer as shown in Fig. 2B . The fluorescence is divided by the total fluorescence intensity to determine the ratio, R: The fluorophores are coupled to DNA with a six-carbon linkage. X 1 , rhodamine green; X 2 , Alexa 647; X 3 , dabcyl. where I R and I B are the red excited and blue excited f luorescence intensities, respectively. R can take a value between 0 and 1 and vary with time due to molecules diffusing into and out of the probe volumes and intramolecular motion. R is therefore a function of time, R(t). The autocorrelation function of R provides the time scale of these dynamics and can be calculated by
where ͗R(t)͘ is the time average of R(t) and ␦R(t) is the difference of R(t) from ͗R(t)͘, the fluctuation in R. ͗␦R(t) ␦R(t ϩ )͘ is the time average of the product of the fluctuation in R at time t and after a delay t ϩ and will only be nonzero within the time scale of the dynamics. In principle, just like autocorrelation of FRET (21, 22, 28) , autocorrelation of R should eliminate or greatly reduce the contribution of diffusion to the autocorrelation function, although this needs to be checked by control experiments. However, there is an additional complication for ratio autocorrelation since there is imperfect overlap of the red and blue laser focal volumes. This complication means it is necessary to remove the contribution to the ratio autocorrelation function from molecules that pass through the volumes excited by the red laser or blue laser only. These molecules will have R values of 0 and 1. To reduce this background, we filtered the data and analyzed only ratio values of 0.3-0.7, as shown in Fig. 2C , to extract the real intramolecular dynamics. This range was optimized to select Ͼ90% of all coincidence fluorescence bursts and minimize the contribution from noncoincident events. All values outside this range were set to zero to perform autocorrelation. A smaller range of R led to poorer signal-to-noise ratio, and a larger range led to some diffusional contribution to the autocorrelation function.
Both the filtered and unfiltered two-color ratio autocorrelation functions shown in Fig. 2 A could be fitted by a stretched  exponential (21, 22) ,
where corresponds to the effective relaxation time associated with the correlated motion, and ␤ is a stretch parameter, describing the heterogeneity of the system. ␤ can vary between 1 (where the system displays normal two-state Arrhenius kinetics, with one discrete energy barrier) and 0 (where there is a continuum of equal energy barriers and the system shows power-law kinetics). The mean relaxation time ͗͘ can be related to and ␤ by
where ⌫(␤ Ϫ1 ) is a gamma function.
Results and Discussion DNA Hairpin. We first studied the opening and closing of a DNA hairpin (Fig. 1 A) to validate our method. The DNA hairpin has the reporter fluorophore quenched in the closed state and has the same length loop and stem sequence as the hairpin studied previously by FRET (28) . The duplex region enables attachment of the observer fluorophore to a part of the structure that is not expected to change during hairpin opening and closing. The single-molecule fluorescence melting curve was measured (Fig.  6 , which is published as supporting information on the PNAS web site). As in our previous work, we used a two-state model to fit the fluorescence-melting curve (21) ,
where I 0 , I ϱ denote the fluorescence intensity of all-open and all-closed states (high and low temperature limits), and K is the equilibrium constant. Assuming that the enthalpy and entropy changes are temperature-independent, then the equilibrium constant K ϭ exp(Ϫ⌬H͞RT ϩ ⌬S͞R). This function fitted the melting curves well. The standard enthalpy change for hairpin opening, ⌬H, was determined to be Ϫ140 Ϯ 20 kJ͞mol, and the standard entropy change, ⌬S, was 450 Ϯ 70 J͞mol, in reasonable agreement with ensemble measurements of Ϫ120 kJ͞mol and 390 J͞mol, respectively (see Supporting Text for experimental details). We then went on to measure the dynamics of hairpin opening and closing by making measurements at a concentration of DNA hairpin of 50 pM. Typical unfiltered and filtered two-color ratio G R (t) autocorrelation functions are shown in Fig. 2 A. A control experiment with a 40-bp DNA duplex (DNA IV and DNA V) at 20°C was also performed, and the filtered two-color ratio autocorrelation was determined (Fig. 2 A) . The control is f lat with amplitude close to zero. No dynamics is observable, showing that there is no contribution of local f luorophore motion to the filtered ratio autocorrelation function.
For comparison the reference method was also used on the same DNA hairpin sample. Experiments were performed at 10 nM and also fitted with a stretched exponential function. The results of these experiments are shown in Table 2 . The mean relaxation time using the filtered ratio method was in good agreement with the reference method. It was also clear that without filtering there was a difference in relaxation times of a factor of two because of the diffusional contribution to the autocorrelation function.
To determine the opening and closing rates for the hairpin at different temperatures, we followed the approach described in our previous work (23) . We assumed a two-state model (open and closed) and measured the apparent relaxation time and equilibrium constant from 20°C to 50°C. The results are presented as an Arrhenius plot (Fig. 3) . Non-Arrhenius kinetics for the closing rate of hairpin sample was observed. This behavior was reported previously for the same hairpin but without the overhang (21) . The activation energies for the opening and closing processes were calculated based on four points with a function k(T) ϭ Cexp(ϪE a ͞RT) at low and high temperatures, respectively. The opening activation energies were 33.4 Ϯ 3.4 kJ͞mol calculated by the filtered ratio autocorrelation method in comparison to 29.8 Ϯ 3.6 kJ͞mol from the reference method. The closing activation energies were Ϫ45.9 Ϯ 8.3 and Ϫ44.8 Ϯ 3.1 kJ͞mol, respectively. The results of these experiments show that the filtered ratio method can accurately determine the rates and activation energies for DNA hairpin opening and closing.
hTR380-444 Dimer. We then applied the same method to the hTR 380 -444 dimer (Fig. 1B) . Under the experimental conditions, 8% of the molecules entering the laser-excited volumes were dimers (26) . We obtained a filtered ratio autocorrelation for dimer molecules, which could be fitted to a stretched exponential as shown in Fig. 7 , which is published as supporting information on the PNAS web site. The beta parameter was 0.5 Ϯ 0.1 in this case, indicating dynamical heterogeneity. A control experiment with the 395 UUUU 398 mutant hTR 380 -444 , in which there was no detectable dimer formed (26), gave no ratio autocorrelation function. It also was not possible to obtain a cross-correlation function in this experiment since only 8% of the molecules were dimers (data not shown). To elucidate the nature of the motion we then determined the activation energy at different magnesium ion concentrations by measuring the apparent rate constant over a range of temperatures from 20°C to 50°C (Fig. 4) . The presence of magnesium ions is known to inf luence the structure and folding of RNA (29 -34) . We confirmed that the addition of magnesium ions did not reduce the f luorescence intensity of individual molecules or the average count rates for the experiment. The apparent activation energy for the dynamics increased with magnesium ion and was 15.5 Ϯ 1.2, 23.7 Ϯ 1.3, and 27.5 Ϯ 1.9 kJ͞mol Ϫ1 in 0, 10, and 200 mM magnesium ion, respectively.
Further DNA ''blocking'' experiments were carried out at 20°C, using complementary oligonucleotides VI and VII, to elucidate which part of the hTR dimer is responsible for the observed intramolecular motion. First, DNA VI was used to block one side of the 5Ј end of hTR 380 -444 at 20°C (Fig. 5) . The amplitude of the autocorrelation function was similar to the unblocked hTR dimer but the relaxation time increased from 320 Ϯ 45 to 629 Ϯ 135 s. When 19-base DNA VII was used to ''tie together'' the 5Ј and 3Ј ends of hTR 380 -444 , the relaxation time was further increased to 886 Ϯ 200 s without a reduction in amplitude. An experiment was performed on only the monomer by using the 395 UUUU 398 mutant monomer hTR 380 -444 that cannot form dimer, blocked with DNA VII labeled with Alexa 647. This complex has both f luorophores on the monomer for coincidence experiments. The relaxation time decreased to 200 Ϯ 18 s, but more importantly we found that the correlation amplitude was reduced to 15% of that for hTR 380 -444 dimer.
Comparison of Methods. The filtered ratio method gave values for the mean relaxation time, the opening and closing rates, and activation energies in good agreement with the reference method. The main difference was that the FRAC measurements were performed in the single-molecule regime. This process removed averaging and gave a ␤ parameter value of 0.45 Ϯ 0.02 in good agreement with the value of 0.46 measured previously on a similar hairpin by using FRET. In contrast to the reference method, there were on average 10 molecules in the probe volume at one time, which averaged out intramolecular motion and gave a beta value close to 1.
It is clear that filtering of the ratio autocorrelation is needed. Without filtering, the signal caused by molecules not passing through the overlapped lasers dominates the autocorrelation function, leading to incorrect measurement of the relaxation time and hence intramolecular dynamics. In the hairpin experiments we used filtering to predominantly correlate fluorescence from molecules that passed through the overlapped laser volume. However, in the hTR study the filtering served a second purpose and selected only dimerized RNA molecules passing through the overlapped laser probe volume from the excess of monomers.
Intramolecular Motion of the hTR380-444 Dimer. After validating the method on a DNA hairpin sample we have applied it to a more complex and biologically relevant system, the hTR 380 -444 dimer. This dimer consists of 128 bases and is believed to be formed by hydrogen-bonding of up to eight complementary bases (26) . The tertiary structure of the dimer is not known. We put a fluorophore at the 5Ј end of the monomer to measure intramolecular motion. Here, the experimental system differed from the hairpin, since no quencher was needed, and motion of the RNA or fluorophore linkage resulted in reduced fluorescence of the fluorophore. Unlike FRET this quenching presumably requires local contact and the reduced fluorescence state will last only for a short duration compared to the overall time of any intramolecular motion. Thus each fluorophore can act as an observer for the other for most of the time. It is also possible in principle that the two fluorophores undergo motion in phase, which would result in a zero autocorrelation function. However, we found that the amplitude of the FRAC for the hTR 380 -444 dimer was comparable to the DNA hairpin, showing that the motions are not synchronized and each fluorophore could act as an observer for the other.
The stabilization effect of magnesium ion on RNA structure is well documented, and, generally, it stabilizes tertiary structure and slows down intramolecular motion (31, 34, 35) . This effect has been clearly measured in the experiment. The activation energies measured are small and without Mg 2ϩ , the activation energy (15.5 Ϯ 1.2 kJ͞mol) is almost the same as the activation energy caused by the water viscosity, 14.4 kJ͞mol. This finding means that the motion is predominantly the intramolecular movement of the RNA structural units, since rearrangement of these units would be expected to have a higher activation energy (36) . The time scale of the motion is also longer than that for the formation of secondary structure for RNA in folding experiments, on a 10-to 100-s time scale (37) (38) (39) , supporting this conclusion.
For a DNA duplex, which is rigid, the FRAC spectra were flat with an amplitude close to zero, indicating that local fluorophore motion does not contribute to the measured motion. A similar flat FRAC spectra would be expected for the blocking oligonucleotide experiments if the regions to which the blocking DNA hybridized were directly responsible for the motion. In contrast, we observed that the amplitudes of the FRAC spectra were comparable but the DNA blocks slowed down the intramolecular dynamics. This finding suggests that the motion arises from parts of the dimer that are not blocked. It appears that increasing the rigidity of the RNA, by formation of rigid duplex regions, slows down the motion. This conclusion is strongly supported by the experiment on the 395 UUUU 398 mutant hTR 380-444 monomer that cannot dimerize (26) , with the fluorophore-labeled DNA VII block. This experiment on the monomer gave a large reduction in the FRAC amplitude compared with the experiment performed on the hTR 380-444 dimer with the same blocking oligonulceotide, but lacking a fluorophore.
Studies of RNA dynamics have been performed at the singlemolecule level of large RNA molecules by FRET (8, 29, 30, 40) and optical tweezers (41) at the millisecond time scale. Small RNA molecules, Ͻ30 bases, have been studied at the ensemble level on the submillisecond time scale by NMR, EPR, or fluorescence (42) (43) (44) (45) (46) (47) (48) . Therefore, there are little data to compare with the results of this study where we have studied a large RNA molecule intramolecular dynamics on the submillisecond time scale. The most relevant studies we can find are those on the tRNA early melting transition (46, 49) , which show a similar low activation energy and submillisecond time scale to that observed here. This finding suggests that other RNA structures can make similar time-scale motions involving changes in tertiary structure.
Conclusions
In summary, we have shown that the filtered ratio autocorrelation method applied in the single-molecule limit provides accurate measurement of the intramolecular dynamics, allowing the determination of the opening and closing rates of a DNA hairpin and the dynamical heterogeneity. The use of two-color excitation enables more straightforward labeling of the sample without prior knowledge of its tertiary structure. The requirement to control the distance between the two fluorophores, as for FRET, are removed. The observer fluorophore can be placed at any position on the molecule, provided it is not undergoing intramolecular motion, and only the reporter fluorophore needs to be placed at the desired position in the molecule to probe motion. Filtering of the data allows selection of molecules that pass through the overlapped laser volumes and also the complex or species of interest. The method is applicable to a large RNA molecule, providing equilibrium measurement of intramolecular dynamics in solution and could be 
